Uromyces appendiculatus is a rust fungus that causes disease on beans. To understand more about the biology of U. appendiculatus, we have used multidimensional protein identification technology to survey proteins in germinating asexual uredospores and have compared this data with proteins discovered in an inactive spore. The relative concentrations of proteins were estimated by counting the numbers of tandem mass spectra assigned to peptides for each detected protein. After germination, there were few changes in amounts of accumulated proteins involved in glycolysis, acetyl Co-A metabolism, citric acid cycle, ATP-coupled proton transport, or gluconeogenesis. Moreover, the total amount of translation elongation factors remained high, supporting a prior model that suggests that germlings acquire protein translation machinery from uredospores. However, germlings contained a higher amount of proteins involved in mitochondrial ADP:ATP translocation, which is indicative of increased energy production. Also, there were more accumulating histone proteins, pointing to the reorganization of the nuclei that occurs after germination prior to appressorium formation. Generally, these changes are indicative of metabolic transition from dormancy to germination and are supported by cytological and developmental models of germling growth.
75% yield losses in irrigated commercial fields in Colorado (Schwartz 1984) have been the driving force behind continued biological research aimed at mitigating the rust lifecycle and understanding fungal interactions with susceptible or resistant bean plants.
Autoecious rusts such as Uromyces spp. can complete their asexual and sexual life stages on a single host. Although sexual teliospores can survive harsh overwintering conditions and lead to the next season's outbreak, growers and researchers are more often concerned with the asexual reproduction of the fungus because it occurs in rapid succession and results in the transmission of enormous amounts of windborne uredospores that quickly spread, and infect and destroy plants in neighboring fields, counties, and states.
When a uredospore lands on a susceptible leaf, if there are environmentally favorable conditions that include high humidity, droplets of water, and cool conditions (18 to 20°C) often found under the leaf canopy in the early morning, the spore germinates and the emerging germ tube grows across the leaf surface. The germ tube contains cytoplasm and two nuclei which migrate with the growing tip of the tube (Heath and Heath 1976) . When the germ tube recognizes, through a thigmotropic response, the height differential between the leaf surface and a stomata, an appressorium forms at the tip of the germ tube (Hoch et al. 1987) , at which point the cytoplasm and nuclei move into it. Then mitosis occurs, and a septum is formed to separate the swelling appressorium from the empty germ tube (Kwon and Hoch 1991 ). An infection peg forms from the appressorium and penetrates the stomata, at which point a substomatal vesicle develops and a second round of mitosis occurs (Heath and Heath 1976; Staples and Hoch 1988) . Afterward, infection hyphae proliferate through the apoplastic space of the leaf. The formation of a haustorial mother cell and the haustoria, the cell structure that finally invaginates a leaf cell and uptakes nutrients from it (Voegele et al. 2001) , results in parasitism. The journey from germination to haustoria formation can occur within hours (Mendgen et al. 2006) . Once the fungus develops haustoria and acquires nutrients and energy from the host, it forms uredia, the asexual reproductive bodies that rupture through the leaf epidermis and release more uredospores into the environment. Disease is a combination of parasitism and leaf damage, and the color of uredospores sloughing off the leaf is the namesake of the disease.
It is presumed that the fungus does not obtain nutrients from the host until haustoria form; therefore, it follows that the uredospore contains all of the necessary resources and energy reserves to complete its eventful journey. In a previous exami-nation of proteins contained within uredospores, we detected a full complement of proteins required for protein production, including amino acid synthases, translation initiation and elongation factors, ribosomal proteins, tRNA synthases, post-translational modification enzymes, and protein degradation machinery . We hypothesized that uredospores were prepared to produce proteins very rapidly upon germination without needing to expend limited energy resources assembling components de novo. Coinciding with this evidence was our finding of a large number of heat-shock-related proteins within the uredospores. We postulated that the heat-shockrelated proteins were cooperating with translation elongation factors and ribosomal proteins to maintain the integrity of the folding confirmation of nascent polypeptides during translation (Beckmann et al. 1990; Frydman et al. 1994; Wegele et al. 2004 ) and proposed that the uredospore exists in a suspended translational state, ready for protein production upon germination but protected against dehydration required for dormancy .
As part of our continuing investigation of the asexual life cycle of Uromyces appendiculatus, we have performed a proteomics study on the germinating uredospore. This stage reflects the emergence of fungal life from a dormant spore and should coincide with the accumulation of proteins important for the transition to a metabolically active state. The detection of proteins was specifically enhanced by the procurement of sequence information derived from the sequencing of U. appendiculatus cDNAs. To further evaluate the significance of these findings, we also have compared the germling data with that for the resting uredospore , which enabled an evaluation of the relative amounts of proteins found in the uredospore and the germling.
RESULTS
Our general approach to identifying proteins from U. appendiculatus is nearly the same as we previously reported for identifying proteins from its uredospores . Basically, proteins are extracted from the germlings (Fig. 1C) and digested with proteases, and the peptides are separated and analyzed by liquid chromatography-tandem mass spectrometry (Washburn et al. 2001 ). The tandem mass spectra then are compared with sequences in a protein database using Mascot software (Perkins et al. 1999) , and corresponding peptide sequences are resolved. These peptide sequences are reassembled into a parsimonious set of proteins (Nesvizhskii and Aebersold 2005) whose functions can be deduced given the experimental conditions or resolved by comparison with other known proteins.
Since our last report, we have developed two bioinformatics resources that have greatly improved our ability to interpret our tandem mass spectral data, enhance protein detection, and provide for more meaningful discovery. The first is a Perl script, which allows us to obtain the best translation for an expressed sequence tag (EST) sequence based upon translated BLAST search information. The translated sequence then is added to the database that Mascot searches when inferring amino acid sequence information from tandem mass spectra. The second resource is PANORAMICS (Feng et al. 2007; Lee and Cooper 2006) , which assembles a probability-based and parsimonious set of proteins from the peptides Mascot identifies. PANORAMICS probabilities, which are a measurement of the accuracy of the protein assemblies, are in line with falsepositive rates that can be measured by performing reverse database searches. As a result, a more accurate dataset is produced compared with datasets produced from programs that are not probability-based (Yang et al. 2004) .
The impetus for specifically extracting protein information from EST sequences was a byproduct of initial attempts at perfecting ways to assemble proteins from peptide sequences. Although Mascot will perform six-frame translations on a DNA sequence and then search the tandem mass spectra against all the possible peptide sequences from the six-frame translation, an assembled protein group can inadvertently contain peptide sequences derived from all forward and reverse reading frames. This is because many small candidate peptide sequences are produced from the incorrect reading frames. Given the five incorrect reading frames from which so many short peptide sequences can be generated and the increased size of the database that results from the additional sequences, the chance to make matches to the peptides from incorrect reading frames increases (Cargile et al. 2004) . Consequently, if reading frame information is not specifically considered, protein groups can be assembled from peptides derived from incorrect reading frames. To circumvent this problem, we relied on an approach for identifying open reading frames found with a BLASTX search and then used that information to redirect the translation of the EST such that only the most likely protein sequence from one reading frame was used in the database. This process reduces false positive matches and incorrect assemblies derived from incorrect reading frames. As a result, our protein assemblies should be accurate with respect to the search database, given the fact that each record is associated with only one real or derived protein sequence. This is a considerable advance for performing proteomics on an organism such as U. appendiculatus whose genome has not been sequenced, but for which EST data is more readily obtainable.
To enhance our ability to identify U. appendiculatus proteins, we increased the amount of sequence information for U. appendiculatus by sequencing a cDNA library made from rust hyphae, haustoria, and uredia isolated from infected plants ( Fig.  1A and B) . Reverse-transcription polymerase chain reaction (RT-PCR) was used to asses the amount of residual plant RNA in the total amount of RNA extracted from the preparation, and several independent tests suggested that there was less than 5% plant RNA contamination (Fig. 2) . We sequenced from both ends approximately 6,000 clones and generated 2,150 contigs and 238 singletons. Using an iterative BLAST search against known plant and fungal DNA and protein databases, we were able to identify 81 plant sequences, which composed 3.5% of the total and whose percentage was comparable with that predicted by RT-PCR. The plant sequences were removed from the file and the remaining 2,226 sequences were combined with Uredinales EST sequences culled from the National Center for Biotechnology Information (NCBI). Translated protein sequences based on BLASTX comparisons were derived using the Perl script, and 3,984 protein sequences from U. appendiculatus, other Uromyces spp., and related rusts such as P. pachyrhizi and Puccinia graminis were appended to a larger GenBank database of fungal protein sequences (Supplementary Data 1). This additional sequence information proved useful in identifying proteins unique to rusts that infect plants.
Thus, the final database that we used for Mascot searching included the translated EST sequences and all NCBI protein sequences classified in the kingdom Fungi. One complication of stitching together databases in this way is the compilation of redundant protein sequences. Fortunately, PANORAMICS efficiently handles redundant proteins in its parsimonious protein grouping strategy. One benefit from this grouping was that more insight on protein function could be gained by looking at the records of all proteins in the group. For example, one protein group with a probability of 0.9879 comprised four peptides that could be found in six protein records for Neurospora crassa, Gibberella zeae, Chaetomium globosum, and Hypocrea jecorina. All of these proteins are similar to 14-3-3-like proteins (Fig. 3) . Two of the peptides were distinct, meaning that these peptides were associated only with these records. The two other peptides in the group also could be found among four and five other protein groups, meaning that these peptides were shared across several protein groups. The probability that the shared peptides belonged to any group was split when assessing the final group probability. However, it was the combination of distinct peptides and shared peptides that led to the high probability computed for this particular group. We interpret these results as suggesting that a protein from U. appendiculatus germlings is very similar to 14-3-3 proteins from these other organisms. In composing our table of identified proteins, we chose the H. jecorina record to represent the protein group because the descriptive information for this protein record provided the best insight to the possible function of the U. appendiculatus protein we had identified. Generally, the additional information gained by having multiple related proteins in our database helped us assign function to the assembled protein groups.
In our analysis of proteins extracted from germlings, we were able to detect 461 proteins at a 95% or better confidence level. Of these, 240 proteins were specific to sequences derived from the rust cDNA library, indicating the importance of the added protein sequence data. To simplify the analysis of the dataset, assembled protein groups were organized according to their Gene Ontology (GO) biological process. We identified germling proteins that are involved in glycolysis, acetyl Co-A metabolism, citric acid cycle, electron transport, ATP-coupled proton transport (ATPase subunit proteins), ADP:ATP translocation, and gluconeogenesis. In a broader context, these processes are part of a biological energy production pathway. Another set of proteins involved in processes such as amino acid metabolism, translation initiation and elongation, protein biosynthesis, protein folding, and proteolysis could be viewed as Fig. 2 . Reverse-transcription polymerase chain reaction measurement of Phaseolus vulgaris α elongation factor (Pv-EF), Uromyces appendiculatus α elongation factor (Ua-EF) and U. appendiculatus RTP1p haustorium-specific protein (Ua-RTP1) mRNAs in noninfected P. vulgaris leaves, in U. appendiculatus infected P. vulgaris leaves, and in U. appendiculatus hyphal preparations from plants 2 to 4 and 6 to 8 days postinoculation (dpi).
Fig. 3.
Example of a protein group assembled from peptides. Peptides are based on the match to Uromyces appendiculatus tandem mass spectra. Protein group probability, peptide sequences, Mascot Ions Scores and other data also are shown.
parts of protein metabolism pathways within the cell. A third set of proteins was viewed as having roles specific to the cell nucleus, such as those involved in nucleosome assembly (histones), gene transcription, nuclear protein translocation, and cell cycling. Other proteins, such as those involved in oxidation or reduction processes, were not as easily organized into supersets, whereas proteins such as actin, β-tubulin, and 14-3-3 proteins were easily organized but not as easily categorized because these proteins can be linked to multiple biological processes. There were 74 proteins with unknown or undefined functions and biological processes, and 5 of those proteins were derived from hypothetical translations of an EST.
To bring more meaning to our data, we compared the proteins discovered in germlings with the proteins previously described for the uredospore ). Given our assumption that uredospores contain proteins and resources to be used after germination, some of the same proteins found in uredospores also should be found in germlings, and we hypothesized that the detection of different amounts of these proteins could be explained by biological shifts from dormancy to cellular growth. Thus, to properly make the comparison, the uredospore tandem mass spectra were searched against our custom database, and proteins were assembled with PANORAMICS. This dataset contained 439 protein groups at a 95% confidence level, which is a reduction from the set of 468 proteins previously assembled with DBParser, a program that is not probability-based Yang et al. 2004 ). This data set is different from that described by Cooper and associates (2006) because of PANORAMICS and because of the additional U. appendiculatus data, to which 243 matches were made. As had been done for the germling proteins, the uredospore protein matches were organized based on GO Biological Process.
There are several reports whereby "spectral count," the number of times a tandem mass spectrum is recorded for a peptide, correlates linearly with the molar amount of a peptide in a sample (Liu et al. 2004) . Consequently, the sum of spectral counts for peptides associated with a particular protein can be used to assess the amount of protein (Zybailov et al. 2005 (Zybailov et al. , 2006 . Thus, we used the spectral count method to assess the relative amounts of 279 proteins that were common to the uredospore and germling datasets. An example is shown in Figure  4 , where a protein matching a putative heat shock protein from Cryptococcus neoformans was found in uredospores and germ- Fig. 4 . Equivalent protein groups assembled from peptides for A, germlings and B, uredospores, with each group having a different number of peptides and spectra associated with those peptides. Peptides are based on the match to Uromyces appendiculatus tandem mass spectra. Protein group probability, peptide sequence, Mascot Ions Scores, other data also are shown.
lings. We summed the spectral count for all peptides for each protein and used the assumption that incongruence of having unequal protein coverage could be normalized (Zybailov et al. 2006) . To do so, we adjusted each spectral count sum by dividing it by the mass of the protein and then dividing that by the sum of all adjusted spectral counts for all identified proteins in a dataset to create a normalized spectral abundance factor (NSAF) (Zybailov et al. 2006) . By limiting the number of spectra used for spectral counts to only those spectra associated with an assembled protein (7,838 and 10,424 uredospore and germling spectra, respectively) rather than the total number of spectra collected by the mass spectrometer, we were able to determine the percentage of each protein in relation to all matched spectra. Subsequently, this enabled the measurement of relative differences in the concentration of detected proteins between germlings and uredospores. For example, using the protein resembling a heat shock protein from C. neoformans, there was 14.8 times more of this protein in the germling samples than in the uredospores (Fig. 4) .
The relative abundance for all 279 proteins common to both uredospores and germlings was computed. Protein accumulation differences were discerned most easily when the proteins were organized by GO Biological Process and the summed NSAFs compared for each process (Fig. 5) . When a strict fivefold change was used as a cut-off, the total amounts of detectable proteins involved in glycolysis, acetyl Co-A metabolism, citric acid cycle, ATP coupled proton transport, or gluconeogenesis remained relatively static. However, germlings contained a higher amount of proteins involved in mitochondrial transport (ADP:ATP translocation). At the protein metabolism level in germlings, there was a decrease in the amount of proteins involved in phosphate metabolism and ubiquitin-dependent protein catabolism. At the nuclear level in the germlings, more spectra were assigned to proteins involved in nucleosome assembly (histone proteins). However, the total levels of proteins involved in gene transcription (transcription factors) or proteins with roles in cell cycling fluctuated very little. As for other types of processes in germlings, there was a sharp increase in the detectable amounts of GTP-binding proteins with likely roles in vesicle trafficking.
An alternative view of the data reveals which specific proteins, rather than those grouped by GO Process, were most abundant. Although there appeared to be more glucose-6-phosphate isomerase in the germlings, there was more malate dehydrogenase in the uredospores. Likewise, there were several actin proteins in the uredospores that were not as readily detectable in the germlings. By contrast, the same could not be said for β-tubulin proteins that were equally abundant between the samples. The total amount of translation elongation factors also remained high and equally abundant, supporting a prior model that suggests that germlings acquire protein translation machinery from uredospores. A protein resembling septin was predominant in uredospores but not germlings. In addition, there were many proteins of unknown function that could be found in both the uredospores and germlings. Two proteins matching U. appendiculatus EST-derived protein sequences were predominant in germlings whereas six were predominant in uredospores.
When relaxing the cut-off for the NSAF fold-change to three, proteins in groups associated with ergosterol biosynthesis, fatty acid synthesis, oxidation or reduction, and vesiclemediated transport appeared to be more abundant in the germlings. More chitinase appeared to accumulate in the germlings as well. From the other perspective, several more actin proteins and unknown proteins were more abundant in the uredospores.
Finally, there were many known and unknown proteins that were unique to the germling dataset but not the uredospore dataset, and vice versa. However, it is unknown whether these proteins are specific to germlings or uredospores, given the simple fact that random sampling effects associated with multidimensional protein identification technology dictate that not finding the protein is not proof that a protein is not in a sample (Liu et al. 2004) . Further studies will be required to show if these are spore-specific or germling-specific proteins.
DISCUSSION
High-throughput liquid chromatography-tandem mass spectrometry has become a method of choice for detecting proteins in obligate pathogens and parasites that have been historically difficult to study (Florens et al. 2002; Hall et al. 2005; Smolka et al. 2003) . Consequently, the proteomes of these organisms are being deciphered, and a greater understanding of their obligate nature and new ways of targeting the pathogens and parasites are emerging faster than ever before. As part of our ongoing interest in obligate plant pathogens, we are deciphering the proteomes of different life stages of U. appendiculatus, first with the resting uredospore ) and now the germinating uredospore.
The germling is just one of the many important life stages of U. appendiculatus, but is interesting primarily because it is one of the few life stages that can be easily studied in vitro and also is the emergent cell stage to make primary contact with the host plant. Successful infection depends on quick germling growth, followed by its formation of an appressorium and penetration of the interior of a leaf. We hypothesized that the spore contains all the necessary energy resources to allow the germling to perform this task and contains preassembled protein translation machinery, partially translated proteins, and many of the necessary proteins needed to become metabolically active. Our results suggest that there are very few major shifts in protein accumulation after germination, which supports our hypothesis. The shifts we have detected include an increase in ADP:ATP transporters, histones, peroxidase, acetyl-CoA acetyltransferases, and GTP-binding proteins. These changes may be indicative of increased energy production at the mitochondria, nuclear reorganization necessary for the first round of mitosis after appressorium formation, response to an increasingly oxidative environment, fatty acid synthesis that could be required for germ tube elongation, and increased vesicle trafficking. Generally, the observed increases fit well with a model whereby there is a shift from dormancy to a metabolically active state.
Our results agree with biochemical models for energy production. Malate deyhydrogenase, which is abundant in uredospores, completes the citric acid cycle by converting malate to oxaloacetate. Because uredospores are dormant, it is quite possible that excess malate dehydrogenase ensures restarting of the cycle for immediate energy production. Consequently, the concentration of excess malate dehydrogenase drops once the cycle is initiated and the production of NADH resumes. Thus, it also fits that there would be an increase of glucose-6-phoshate isomerase in germlings rather than uredospores because the germling needs to create pyruvate from glucose to enter the activated citric acid cycle. The observation that there are greater amounts of ADP:ATP translocases in the germlings points to the exchange of ADP for ATP in the mitochondria and keeping up with the amount of energy being expired.
Our results also agree with previously published studies on the biology of germinating uredospores from Uromyces spp. A uredopsore is suspended in the G2 phase of cell cycling, its doubling of DNA has occurred, and it is primed for mitosis (Kwon and Hoch 1991) . Chromatin condensation coincides with nuclear migration as the germ tube elongates prior to appressorium formation (Kwon and Hoch 1991) . Consequently, more histones need to be available for condensation and our finding of an increased amount of histone proteins in germlings rather than uredospores goes along with these prior observations.
Similarly, apical vesicles reorganize during germ tube elongation (Kwon et al. 1991a ) and these apical vesicles contribute to apical growth (Grove and Bracker 1970) . GTP-binding proteins have been linked to Golgi body-mediated secretory pathways and target vesicles to their cellular destinations (Kim et al. 2006) . Our finding that GTP-binding proteins are abundant in germlings suggests that these proteins may be associated with the increased amounts of vesicle trafficking that occur during germination.
A well-organized cytoskeletal network also exists in elongating germlings (Hoch and Staples 1985) . The actin and microtubule proteins likely contribute to a force that elongates the tube. This network follows the apical tip and the organization of these proteins is in constant flux until there is a clear differentiation toward the development of an appressorium (Kwon et al. 1991b) ; therefore, it is quite possible that the total concentration of actin and microtubules may not change, as supported by our data. The same could be said for the groups of translation elongation factors whose concentrations were very similar between germlings and uredospores. It is possible that the translation elongation factors harbored in the uredopore are used by the germling to quickly synthesize proteins not stored in the uredospore.
Septin, a protein involved in formation of the septum that seals off vacant cellular structures as the cytoplasm and nuclei migrate with the growing fungal apex, was not abundant in the germlings, possibly because appressoria had not formed. Rather, we detected septin in the uredospores. It is likely that the excess septin found in the uredospore was a remnant of the uredospore separating from uredial primordia (Muller et al. 1974) .
Liberally viewed, our data also may allude to other protein accumulation changes that might be indicative of features important for pathogenicity, such as increased fatty acid or steroid synthesis needed for elongating membrane structures and an accumulation of chitinase needed to convert fungal cell wall carbohydrate composition from chitin to β-glucans (Freytag and Mendgen 1991a,b) , a process that may help the fungus avoid a salicylic acid signaling plant defense response that includes the accumulation of chitinases (Mellersh and Heath 2003) .
We have used spectral count to estimate the relative abundance of a protein and measure a shift in protein accumulation during germination. However, other factors such as spectral variability and post-translational modification also could contribute to a change in spectral count. For example, spectral variability for an actin peptide could result in the assignment of spectra to a different actin record, giving the appearance of a shift in accumulation of one actin homolog over another. In this case, the evaluation of the accumulation of all matched actin proteins gives a more accurate picture of general actin accumulation changes but a less accurate determination for any one actin protein. Likewise, levels of a protein may appear to remain static between dormancy and germination but the protein becomes modified as a result of change in cellular state. Because biological post-translational modifications were not specifically accounted for, spectra reflecting such modifications might not have been matched and appropriately accounted for when determining the relative abundance as measured by spectral count. Consequently, specific protein accumulation changes that are recognized here will need to be verified using other independent methods.
Our study of the germling proteome was enhanced through comparative analysis with tandem mass spectra previously collected from the uredospore. It is interesting to point out that new proteins can be discovered from old spectral datasets when new information is added to the reference databases. This parallels searching old DNA sequence data against modern databases to gain a better understanding of genes whose identities were once unresolved. Here, the new sequences contributed to more than half of the identifications; clearly, the additional U. appendiculatus sequence data improved this dataset and the old one. It also should be noted that the U. appendiculatus EST sequences were highly representative of the most abundant sequences that could be cloned, which ensured that we were most likely to detect the corresponding protein sequences. It follows, then, that the unknown proteins we identified also might be abundant. Thus, having the attributes of being abundant and unknown makes these proteins particularly interesting; they may be specific to and important for rust biology. Consequently, the rust cDNA sequences provide both a starting point for the discovery of novel proteins and serve as the next step toward gaining new insight on rusts. We expect that functional resolution of these unknown proteins and genes will provide additional details of the differences between actively growing germlings and quiescent uredospores.
MATERIALS AND METHODS

Plant inoculation.
Primary leaves of Phaseolus vulgaris cv. Pinto 111 were sprayed with a water suspension of U. appendiculatus race 41 uredospores (Pastor-Corrales 2003) containing 0.1% Tween 20 and 0.025% β-ionone (French et al. 1977) . Spore density was adjusted such that there would be 2 to 4 pustules/cm 2 of leaf surface. Inoculated plants were placed in an 18°C dew chamber (Percival Scientific, Perry, IA, U.S.A.) overnight and the plants were grown at 23°C under fluorescent lighting.
cDNA Library construction.
Inoculated plant leaves were collected at 2, 4, 6, and 8 days postinoculation (dpi) and homogenized in a blender in 0.3 M sucrose, 0.1 M KH 2 PO 4 , and 3 mM MgSO 4 in a protocol adapted from Dekhuijzen and associates (1967) . Essentially, the homogenate was filtered successively through 600-, 250-, 90-, and 45-μm sieves and the crude mycelia collected from the 45-μm mesh screen. Material that did not pass through the 600-, 250-, and 90-μm screens was collected and homogenized again at a higher blade speed and passed through the same series of sieves to increase the amount of mycelia collected from the 45-μm screen. These fractions contained fungal hyphae, haustoria, uredia, chloroplasts, and other plant debris such as xylem and broken cells (Fig. 1A and B) . Further separation of the fractions through sucrose density gradients was not successful; however, chloroplast contamination was reduced with thorough washing on the 45-μm mesh screen. Septa and cytoplasmic streaming were observed in the purified hyphae, indicating that biological activity remained despite the intense processing. The same cytoplasmic streaming was not observed in other (broken) plant cells found in the fractions. RNA was purified from the material using a standard guanidinium isothiocyanate protocol (Koehler et al. 1996) . To assess RNA purity, RT-PCR was used to compare the ratios of fungal RNA with plant RNA. Primers were designed to P. vulgaris and U. appendiculatus elongation factors 1-α and to the haustorium-specific Uf-RTP-1 gene (Hahn and Mendgen 1997; Kemen et al. 2005) . These tests suggested that there was a clear enrichment of fungal RNA over plant RNA (Fig. 2) . The Uf-RTP-1 gene marker was not readily present, indicating that haustoria were minor components of these fractions.
First-and second-strand cDNA was synthesized from 2 μg of mRNA using oligo d(T) primer with an NotI restriction site. EcoRI adaptors were ligated to both ends of the cDNAs and the cDNAs were directionally inserted into pBluescript (Invitrogen, Carlsbad, CA, U.S.A.). The library was normalized using previously described methods (Patanjali et al. 1991) .
DNA sequencing.
Bacterial colonies were picked using a Genomic Solutions GenTAC-G3 colony picker (Ann Arbor, MI, U.S.A.) and placed into 384-well plates containing Luria broth with carbenicillin. Cultures were grown and transferred to 96-well plates. Plasmid DNA was extracted using a 96-well modified alkaline lysis protocol. DNA sequencing was performed using ABI BigDye Terminator (v3.1; Applied Biosystems, Foster City, CA, U.S.A.) according to the manufacturer's protocol, except that 5-μl reactions were performed with 0.25 μl of BigDye on an ABI 3730xl DNA sequencing machine with 50 cm arrays.
Electropherogram data was transferred from the ABI 3730xl sequencer computer to a Sun Solaris UltraSPARC II server. Phred was used to convert the electropherogram files to base and quality files . These files were examined by LUCY, which removed vector sequence and confirmed that each sequence was of high quality and read length (Chou and Holmes 2001) . The LUCY output was transformed to FASTA format using a Perl script, Babalootoo (in-house modification of the TIGR Babaloo script). The sequences were assembled using the Genetics Computer Group software package (Accelrys, San Diego, CA, U.S.A.). To assure an efficient assembly of contiguous sequences, the Seqmerge assembly application was iterated three times using the same default settings for each assembly cycle. The consensus sequences then were exported and used in the BLAST searches described below to identify obvious plant sequences. The plant sequences were removed from the assembled set, the remaining contigs were disassembled to regenerate individual ESTs, and 11,325 sequences were submitted to NCBI GenBank dbEST.
Bioinformatics for identifying fungal DNA sequences.
The assembled DNA sequences and any remaining singletons were compared by BLAST on a Paracel server against Arabidopsis thaliana cDNA and protein datasets, NCBI's nonredundant datasets (protein and nucleotide), the Phakopsora pachyrhizi trace dataset, the soybean EST dataset, the total EST dataset, and the GSS dataset, as well as TIGR's EST dataset for Phaseolus vulgaris and P. coccineus. This process was used to distinguish 81 plant DNA sequences. The remaining 2,226 sequences had either sufficient DNA or protein identity to known fungal sequences for U. appendiculatus and other Uredinales fungi or had no significant match to any plant or fungal organism represented in these databases.
Purification of proteins from germinating spores.
U. appendiculatus race 41 uredospores (50 mg) (PastorCorrales 2003) were resuspended in solution containing 100 mM mannitol, 3.3 mM KH 2 PO 4 , 1 mM MgSO 4 , 0.033% Tween 20, and 0.025% β-ionone and adjusted to pH 6.5 with 2 M Na 2 HPO 4 . The β-ionone was used to induce germination for more than 90% of the spores (French et al. 1977 ) and the Tween 20 was used to help disperse and suspend the spores in solution. Mannitol was substituted for sucrose and the concentration was one-third of that previously used for sucrose (Dekhuijzen et al. 1967 ). In our preliminary tests, 100 mM mannitol was sufficient for eliminating cell lysis that occurred when germination was performed in hypotonic water (data not shown). The pH and the potassium concentrations were optimized to support the germination of submerged spores (Moloshok and Leinhos 1993) . The mixed spore solutions were placed in an 18°C dew chamber for 5 h. The germlings (Fig. 1C ) were collected by centrifugation and then pulverized with a mortar and pestle. Microscopy was used to confirm that the germ tubes had been disrupted by the grinding. Proteins released were precipitated in acetone and trichloroacetic acid, resolubilized in 8 M urea per 100 mM Tris HCl pH 8.5, reduced in trichloroethylphosphine, carboxyamidomethylated in iodoacetamide, and digested with endoproteinase Lys-C at 37°C for 12 h (Roche Applied Science, Indianapolis, IN, U.S.A.). The reaction then was diluted to 2 M urea with 100 mM Tris HCl pH 8.5, adjusted to 2 mM CaCl 2 , and digested with Porozyme immobilized trypsin (Applied Biosystems, Foster City, CA, U.S.A.) at 37°C for 12 h as previously described . Immobilized trypsin was removed by centrifugation. All peptides were separated from spore and germling debris using 0.45 μm polyvinylidene diflouride filters (Millipore, Bedford, MA, U.S.A.) and were concentrated by solid-phase extraction using SPEC-PLUS PT C18 columns (Varian, Lake Forrest, CA, U.S.A.) followed by centrifugal vacuum evaporation.
Liquid chromatography separation of peptides.
Columns were prepared from 365 o.d. by 75 i.d. fused-silica capillaries (Polymicro Technologies, Phoenix, AZ, U.S.A.). Each capillary was drawn to a 5-μm tip using a P-2000 laser puller (Sutter Instrument Co., Novato, CA, U.S.A.) and packed under 600 psi of helium with 9 cm of 5-μm Aqua reverse phase C18 resin (Phenomenex, Torrance, CA, U.S.A.) followed by 4 cm of 5-μm Luna, a strong cation exchange resin (Phenomenex). The peptides were loaded onto the packed column using the same pressure cell at 600 psi. The loaded column then was placed in line with a Surveyor high-performance liquid chromatography pump that is part of the ProteomeX workstation (Thermo Electron, Waltham, MA, U.S.A.). Peptides were eluted as previously described in a 12-step process that included increasing concentrations of salt followed by an increasing gradient of mobile-phase at each step . Flow rate was 200 nl/min. The eluent was electrosprayed directly into the electrospray ionization source of the LCQ-Deca XP ion trap mass spectrometer. Electrospray voltage (1.8 kV) was applied at a liquid junction before the column via a gold electrode.
Tandem mass spectrometry.
A parent ion scan was performed over the range 400 to 1,600 m/z. Automated peak recognition, dynamic exclusion, and tandem mass spectrometry (MS/MS) ion scanning of the top three most intense parent ions were performed using Xcalibur 1.3 (Thermo Electron). The tandem mass spectra were extracted from the raw data by Bioworks 3.2 (Thermo Electron). Parameters were set at 400 minimum mass, 3,500 maximum mass, 15 minimum peaks, 100,000 minimum total ion current, 1.4-Da precursor mass tolerance, 25 intermediate scans, and 1 group scan. All spectra not calculated as being singly charged were extracted as both doubly and triply charged spectra. A merge.pl script that is part of the Mascot 2.1 software package (Matrix Science, London) was used to convert multiple .dta files into a single file suitable for searching.
Peptide sequence inferences from spectra.
In all, 149,082 combined MS/MS spectra from four replicate experiments were evaluated by Mascot 2.1 (Matrix Science) (Perkins et al. 1999 ) and compared with virtual spectra created from peptides derived from a custom database. The database was composed of 355,242 protein records downloaded from NCBI on 13 July 2006 using the taxonomic search for "Fungi." In addition, 1,758 EST sequences were downloaded from NCBI on 13 July 2006 using the taxonomic search for "Uredinales" and were combined with 2,226 EST sequences generated from the U. appendiculatus cDNA sequencing project mentioned above. All EST sequences were searched against NCBI NR with BLASTX (Altschul et al. 1997) . The reading frame from the best BLASTX alignment then was used to direct the translation of the EST. If there was no match, then the longest translatable open reading frame of all reading frames was appended and denoted as a "hypothetical translation." The derived protein sequences were appended to the custom database used for Mascot searching. Searches were performed on a seven-node 3.2-GHz Dell server. Search parameters were set at fully tryptic digests and one missed cleavage, carboxyamidomethylation was selected as a fixed mass modification, and oxidation (M) was set as a variable mass modification. Average mass values rather than monoisotopic mass values were used and peptide mass tolerance and fragment mass tolerance were set at ±1.5 and ±0.8 Da, respectively.
Assembly of proteins from peptides.
Mascot .dat files containing results from Mascot searches were uploaded to PANORAMICS, a web-based C program that assembles proteins from Mascot peptide assignments made to the collected tandem mass spectrometry data (Lee and Cooper 2006) . PANORAMICS derives consistent probabilitybased confidence measures for protein assemblies which can be used to determine the false positive rate of identification (Feng et al. 2007) . When computing the probability of a protein or group of proteins, the program takes into account both distinct peptides and shared peptides in a coherent manner by distributing the probabilities of shared peptides among all related proteins. The Mascot Ion Score, the database size, and the length and charge state of each peptide sequence are incorporated into the probability model. Proteins exceeding a 95% probability level were kept for evaluation. As a secondary test of the accuracy of the dataset, the germling tandem mass spectra were searched by Mascot against a version of the fungal database whereby all sequences were reversed and the data were processed by PANORAMICS. In all, 21 protein groups were assembled (95% level) and were deemed false matches because none of the sequences that were matched existed in the forward sequence database (data not shown). This corresponds to a 4.6% false discovery rate, which agrees with the 95% confidence rate predicted by PANORAMICS for the described germling data.
PANORAMICS datasets containing peptide sequences, the number of tandem mass spectra associated with the same peptide sequence, the associated protein information, and the confidence indicators can be found in Supplementary Data 2.
Relative quantitation of protein amounts.
The amounts of proteins were estimated using a method similar to that of Zybailov and associates (2006) . The numbers of tandem mass spectra identified for each peptide in a protein group were summed and divided by the molecular weight of the protein to normalize for the effects of finding different sets of peptides for a given protein. The counts for shared peptides were not divided by the number of other protein groups to which they also were associated because these peptides, although shared, were unlikely to be assigned to other protein groups exceeding the 95% threshold. In other words, the PANORAMICS probability model dictates that shared peptides in these groups contributed significantly to the identification of that group and should be counted equally with the distinct peptides. In the work of Zybailov and associates (2006) , protein length was used as a normalizing factor, but molecular weight was used here and should be an equivalent because it is a product of protein length. The calculated value then was divided by the sum of spectral counts per molecular weight for all proteins exceeding the 95% threshold. The final value was the NSAF. The NSAFs for the germling protein groups were compared with the NSAFs for the same protein groups from the previously described uredospore dataset (Zybailov et al. 2006) . Replicate datasets were combined, which eliminated the possibility of analyzing statistical deviation from run to run but preferentially maximized the number of peptides associated with each protein group, thus reducing the effects of deviation when quantifying by spectral count. It was demonstrated previously that reproducibility of spectral sampling grows along with the number of peptides associated with a protein and that fivefold differences in concentrations can be precisely evaluated (Liu et al. 2004 ). For our purposes, we accepted differences that rounded to 5.0.
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